DNA-assembled nanoparticle superstructures offer numerous bioresponsive properties that can be utilized for point-of-care diagnostics. Functional DNA sequences such as deoxyribozymes (DNAzymes) provide novel bioresponsive strategies and further extend the application of DNA-assembled nanoparticle superstructures. In this work, we describe a microRNA detection biosensor that combines magnetic nanoparticle (MNP) assemblies with DNAzyme-assisted target recycling. The DNA scaffolds of the MNP assemblies contain substrate sequences for DNAzyme and can form cleavage catalytic structures in the presence of target DNA or RNA sequences, leading to rupture of the scaffolds and disintegration of the MNP assemblies. The target sequences are preserved during the cleavage reaction and release into the suspension to trigger the digestion of multiple DNA scaffolds. The high local concentration of substrate sequences in the MNP assemblies reduces the diffusion time for target recycling. The concentration of released MNPs, which is proportional to the concentration of the target, can be quantified by a 405 nm laser-based optomagnetic sensor. For the detection of let-7b in 10% serum, after 1 h of isothermal reaction at 50°C, we found a linear detection range between 10 pM and 100 nM with a limit of detection of 6 pM. For the quantification of DNA target in buffer solution, a limit of detection of 1.5 pM was achieved. Compared to protein enzyme-based microRNA detection methods, the proposed DNAzyme-based biosensor has an increased stability, a reduced cost and a possibility to be used in living cells, all of which are valuable features for biosensing applications.
D riven by the requirements of point-of-care diagnostics, one of the recent themes in the field of nanotechnology is the assembly of nanosized building blocks into bioresponsive superstructures. DNA nanotechnology provides versatile tools for the controllable/programmable assembly of nanostructures. 1−3 Since the first reports of programmable synthesis of nanomaterials in 1996, 4, 5 DNA molecules have been extensively studied as scaffolds for nanoparticle (NP) assemblies. 6−12 These DNA-based assemblies offer a number of distinct advantages owing to the unique properties of DNA, e.g., molecular net charge, controllable length, specific hybridization, and diversity of predictable reactions with enzymes. Nowadays, benefiting from the utilization of functional DNA sequences, e.g., deoxyribozymes (DNAzymes) and aptamers, applications of bioresponsive DNA-based NP assemblies have been further extended. 13 DNAzymes are nuclease-or peroxidase-mimicking catalytic single-stranded DNA sequences, which are stable, low-cost, and easy to synthesize compared to protein enzymes. 14−19 DNAzyme-based NP assemblies have been reported as biosensors for lead ions, 20 indicators of multiple stimuli, 21 and proofreading units in assembly processes. 22 In particular, Zagorovsky and Chan reported a point-of-care DNA detection biosensor using multicomponent DNAzymes (MNAzymes) to switch the assembly states of AuNPs. 23 Although the vast majority of previous studies on DNAbased NP assemblies have been carried out using AuNPs, magnetic nanoparticles (MNPs) are attractive candidates as building blocks in DNA-based assemblies due to their unique advantages. These include easy manipulation in magnetic field gradients, low background noise (biological tissues are diamagnetic), high signal stability, biocompatibility, and costefficiency. 24 DNA-based MNP assemblies have been reported for drug delivery and biosensing applications. 25−30 Recently, Bakshi et al. reported an MNAzyme-based fluorescent biosensor for mRNA imaging, which utilized field-activated MNAzyme-MNPs to form assemblies in the presence of target mRNA in living cells. 31 Herein, we conversely exploit MNAzymes for the disintegration of DNA-assembled MNP superstructures for the detection of microRNA, circumventing the need for applying magnetic fields. Since the substrate is already fixed with half of the DNAzyme cleavage catalytic core in the MNP assembly, the diffusion time for the initial cleavage catalytic action is shortened compared to other reported MNAzyme-based systems that need all four different sequences (i.e., target, substrate, and two components of the catalytic core) to diffuse to the correct position for hybridization. In the presence of target strands, the cleavage catalytic core of MNAzyme is stabilized, leading to a cleavage action that ruptures the DNA scaffold of the MNP assemblies, thereby releasing MNPs into the suspension. The target strands are preserved in the cleavage action and then released to trigger more cleaving reactions. This process, denoted DNAzymeassisted target recycling, 32 disintegrates MNP assemblies and releases individual MNPs for the following detection.
MicroRNAs are 19-to 23-nucleotide long noncoding RNAs. Tissue-specific microRNAs can be used as biomarkers for tumor progression and metastasis. 33−36 Traditional RNA detection methods, e.g., Northern blotting, oligonucleotide microarrays, and quantitative reverse transcription polymerase chain reaction, have limitations in microRNA analysis, mainly due to the short target sequences and the high sequence homology among microRNAs of the same family. 37, 38 By combining MNAzyme-MNP assemblies and DNAzymeassisted target recycling with a 405 nm laser-based optomagnetic sensor system, 39 we demonstrate a homogeneous biosensor for microRNA detection. Compared to other microRNA detection systems using protein enzymes to amplify the signal, the proposed MNAzyme-based biosensor avoids the use of protein enzymes, which increases the stability and lowers the cost of the system. Therefore, the proposed biosensor is interesting for low-cost point-of-care cancer diagnostics. Moreover, without using protein enzymes, the MNAzyme-based strategy holds the possibility to be used in living cells for further biosensing applications. 31, 40, 41 To the best of our knowledge, this is the first study reporting a strategy of MNAzyme-based disintegration of MNP assemblies.
■ EXPERIMENTAL SECTION
Chemicals and Sequences. Tris-HCl buffer solution (1 M, pH 8.0) was purchased from Thermo Fisher Scientific (Waltham, USA). MgCl 2 and fetal bovine serum (FBS) were purchased from Sigma-Aldrich (St. Louis, USA). For DNAzyme-assisted target recycling, the working buffer was composed of 50 mM Tris-HCl (pH 8.0) and 50 mM MgCl 2 . Streptavidin-coated 100 nm MNPs (product code 10-19-102, starch cross-linked multicore beads, where each bead consists of a cluster of single domain Fe 3 O 4 nanocrystals) was purchased from Micromod Partikeltechnologie GmbH (Rostock, Germany). Pipette tips and storage tubes were RNase-free. DNA and RNA sequences were synthesized by Biomers (Ulm, Germany) and dissolved in 50 mM Tris-HCl (pH 8.0) for storage. Table 1 shows all sequences of oligonucleotides used in this study.
DNA Conjugation of MNPs and Synthesis of MNP Assemblies. Streptavidin-coated 100 nm MNPs (50 μL of the stock solution, which contains 0.5 mg of MNP and ca. 1 μg of streptavidin according to the manufacturer) were washed twice and resuspended in 90 μL working buffer before conjugation. Biotinylated substrate sequences (10 μL, 1 μM) were pipetted into the MNP suspension for conjugation (37°C, 30 min). Since the concentration of biotin groups was far below the concentration that can saturate the streptavidin on the surface of MNPs, it can be assumed that all biotinylated sequences were conjugated onto the MNP. Therefore, on average, there were 20 substrate or DZb sequences on each MNP. The DZb-MNPs were prepared in a similar way using biotinylated DZb sequences and streptavidin-coated MNPs. Substrate-MNPs and DZb-MNPs were mixed and the suspension was incubated at 77°C for 30 min. The temperature of 77°C was chosen for the balance of minimum free energy, formation speed, and homogeneity of MNP assemblies. After the incubation, the mixture (200 μL, 5 mg/mL MNP) was cooled down to room temperature and stored at 4°C for 48 h to form MNP assemblies before use.
MicroRNA Detection Using DNAzyme-Assisted Target Recycling. The reaction suspension (100 μL) contained 5 μL of MNP assemblies, 5 μL of DZa (100 nM), and 90 μL of the sample (containing target sequences). After addition of MNP assemblies and DZa into the sample, the suspension was incubated at 50°C to perform DNAzyme-assisted target recycling. Thereafter, the suspension was pipetted to a UV-transparent cuvette (REF 67.758.001, Numbrecht, Germany) for optomagnetic measurement of the released MNPs. For each sample measured in the experiments for system optimization, target quantification, and specificity test, three replicate measurements were performed, and the standard deviations were plotted as error bars.
Optomagnetic Measurement. An alternating current (AC) magnetic excitation field B(t) = B 0 sin(2πft) with B 0 = 2.6 mT was applied to actuate the rotation of MNPs suspended in the cuvette. A 405 nm laser beam was applied perpendicular to the magnetic field to measure the motion of the MNPs. The diameter and the optical path of the laser beam were 2 mm and 10 mm, respectively. During each measurement, the real part of the second harmonic component of the transmitted light intensity, V 2 ′ ∝ sin(4πft), was recorded at 13 logarithmically spaced frequencies (55−1000 Hz) with a total data acquisition time of 120 s. The zeroth harmonic (DC) signal V 0 was recorded simultaneously. To compensate for possible variations of the intensity of light, all results are presented as normalized values V 2 ′/V 0 . A detailed description of the optomagnetic sensor system and measurement principle as well as the underlying theory is given in Supporting Information, section S1.
SEM and DLS Characterization. The nanostructures of the dispersed multicore MNPs (substrate sequence-conjugated MNPs) and the MNP assemblies were characterized by scanning electron microscopy (SEM, Zeiss-1550). The secondary electron images were obtained using an in-lens detector at 10 kV accelerating voltage. Samples were dispersed on a SiO 2 /Si substrate and blown dried with (Table 1 ). MNP assemblies are formed based on the hybridization between the substrate sequence (blue sequences in Figure 1 ) and DZb (red sequences in Figure 1 ) conjugated on different MNPs. For target DNA or RNA detection, target sequences (the black sequence in Figure 1 ) are added together with DZa (the green sequence in Figure 1 ), thereby forming intact MNAzyme structures on DNA scaffolds with cleavage catalytic cores. Then the cleavage catalytic action ruptures the substrate sequences, resulting in the disintegration of the MNP assemblies. The target sequence and DZa, which 
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Article are preserved during the cleavage reaction, are released into the suspension to trigger the digestion of multiple DNA scaffolds, leading to the continued release of MNPs (Figure 1 ). Released MNPs are quantified by the optomagnetic setup.
The real part of the normalized optomagnetic spectra, V 2 ′/ V 0 , for free MNPs displays a peak at ca. 180 Hz, which is related but not precisely equal to the Brownian relaxation frequency of the 100 nm MNPs. 42 In this study, the optomagnetic signal increase [ΔV 2 ′/V 0 = (V 2 ′/V 0 ) sample − (V 2 ′/V 0 ) blank ] at the peak position (183 Hz) is used for the target quantification, where (V 2 ′/V 0 ) blank represents the average peak amplitude of blank control samples. The underlying theory and details of the sensor can be found in Supporting Information, section S1 as well as in several previous publications. 43 −45 Characterization of the DNA-Assembled MNP Assemblies. DNA-assembled MNP superstructures were prepared by simply mixing substrate sequence-conjugated MNPs and DZbconjugated MNPs. The process of DNA-mediated MNP assembling is strongly influenced by the number of substrate or DZb sequences conjugated on each MNP. Evaluation of different DNA:MNP ratios, ranging from 5:1 to 120:1, is given in Supporting Information, section S2. It was concluded that a DNA:MNP ratio of 20:1 was optimal to use for the proposed biosensing design. Evidence for the formation of MNP assemblies was provided by SEM and DLS measurements. SEM micrographs of substrate sequence-conjugated MNPs (MNP-sub) and MNP assemblies are shown in Figure 2a and b, respectively. As can be seen in Figure 2b , most of the MNPs are incorporated in micron-sized assemblies. However, since each 100 nm MNP is an irregular cluster of small single domain particles, the MNP assemblies appear in the SEM micrographs as large clusters of small single domain particles ( Figure S4) , and therefore the arrangement of 100 nm MNPs in the assemblies cannot be resolved. DLS measurements also demonstrated the assembly of substrate sequence-conjugated MNPs and DZb-conjugated MNPs (cf. Figure 2d) .
As can be observed in Figure 2b , the as-prepared MNP assemblies are not homogeneous, which may be caused by (1) the ratio of the two kinds of MNPs is not 1:1; (2) the shape of MNPs used in this work is irregular; (3) MNP surface coating and DNA conjugation are not homogeneous; and (4) equilibrium of the MNP assembling reaction is not reached. The homogeneity of the MNP assemblies is related to the surface area of the assemblies, thus influencing the DNAzyme reaction speed. However, since in this study [DZa] is much lower than the local concentration of DNA scaffold (which is within the μM range, as estimated by the DNA binding ratio and DLS results) in the MNP assemblies, the DNAzyme reaction speed was limited by the lower one between [DZa] and [target] but not by the surface area of assemblies. Additionally, due to the large hydrodynamic size, MNP assemblies have no optomagnetic signal contribution in the detection window of 55−1000 Hz. Therefore, we conclude that the inhomogeneity of the MNP assemblies has limited influence on the sensing reproducibility.
Feasibility of DNAzyme-Mediated Disintegration of MNP Assemblies. To demonstrate the working principle of our design, the as-prepared MNP assemblies were reacted with 10 nM of D-let-7b and 5 nM of DZa at 50°C for 2 h, followed by SEM and DLS measurements. To avoid MNP aggregation induced by magnetic separation, the magnetic suspension containing disintegrated MNP assemblies was directly diluted by pure water for SEM measurement. As shown by the SEM micrograph (Figure 2c ), large MNP assemblies disappeared after the DNAzyme-assisted target recycling reaction, which demonstrates the feasibility of the biosensing design. However, some small MNP assemblies can still be observed after DNAzyme-mediated disintegration, implying that the reaction was not totally finished. Additionally, DLS measurement results (yellow triangles in Figure 2d 
Article temperature for the proposed strategy was around 50°C (Figure 3b) . At temperatures higher than 50°C, the signal decreased dramatically due to the denaturation of MNAzyme structures. We have also made a rough evaluation of the influence of [DZa] and the reaction temperature using the RNA target, resulting in similar optimal conditions (data not shown). Finally, in the time-resolved measurement, the ΔV 2 ′/ V 0 (183 Hz) signal increased as a function of reaction time (Figure 3c ). For a high target concentration (10 nM of D-let-7b, black circles in Figure 3c) , the signal increased fast during the first 30 min but slowed down significantly as the experiment progressed. For a low target concentration (100 pM of D-let-7b, red squares in Figure 3c ), ΔV 2 ′/V 0 (183 Hz) increases linearly with reaction time in the interval 0−90 min. Because of the linear increase (with reaction time) of the signal due to DNAzyme-assisted target recycling, the sensitivity of the proposed strategy can be improved by extending the reaction time. Due to the instability of embedded RNA in the DNA scaffold, MNP assemblies were disintegrated nonspecifically at 50°C (black circles in Figure S5 ). Moreover, DZa molecules could form catalytic MNAzyme structures with the DNA scaffold without being stabilized by the target sequences, which contributed to the nonspecific disintegration of MNP assemblies as well (red squares in Figure S5 ). These nonspecific background signals were eliminated in this study since we considered the signal increase [
Considering the instability of RNA sequences (especially when RNase inhibitors are not used), we chose 1 h as the reaction time for the following experiments.
The theoretical basis of assembling and disintegration of DNA structures can be provided either by analyzing the melting temperature (T m ) or the minimum free energy (MFE). For short dsDNA sequences, T m of substrate-DZb (DNA scaffold) is approximately 82−84°C, which means that the MNP assembly should be stable at 50°C. T m of DZa-substrate, DZa-target, and DZb-target are all approximately 32°C, which means that DZa and the target sequence can theoretically be released from the MNAzyme structure at 50°C after the hybridization reaction, carrying out next recycling. The MFE secondary structure and thermal stability of MNAzyme are analyzed by NUPACK (http://www.nupack.org/). Sequences of catalytic core are replaced by poly T to avoid secondary structures formed in the catalytic core. At the condition of 50°C
, the MFE of substrate-DZb (DNA scaffold) and substrate-DZb-Target-DZa (MNAzyme) are −33.29 kcal/mol and −58.19 kcal/mol, respectively, indicating the stability of the MNAzyme structure. Therefore, it can be concluded that the target sequences can hybridize with DZa and DZb to form the MNAzyme structure at 50°C. Additionally, the MFE of DZasubstrate-DZb is −45.10 kcal/mol, implying the stabilization effect of target sequences. The MFE secondary structures estimated by NUPACK are shown in Figure S6 .
Quantitative detection of D-let-7b was investigated under optimal experimental conditions (5 nM of DZa, 1 h incubation at 50°C). Target DNA sequences were serially diluted by working buffer to concentrations ranging from 0.1 pM to 0.1 μM and reacted with MNP assemblies as well as DZa. With increasing D-let-7b concentration, the peak amplitude of the V 2 ′/V 0 spectra shows a monotonous increase (Figure 4a ). From the dose−response curve (Figure 4b) we observe that the increase of peak amplitude measured at 183 Hz, V 2 ′/V 0 (183 Hz), has a linear correlation with the (logarithmic) target concentration between 3 pM and 10 nM. The cutoff value, indicated as the red dashed line in Figure 4b , was calculated as three standard deviations of the peak amplitude obtained from blank control samples. A limit of detection (LOD) of 1.5 pM was obtained based on the 3σ criterion. As a comparison, LODs reported by other MNAzyme-based DNA biosensors (based on 10−23 DNAzyme) are 5 pM, 46 11 pM, 47 50 pM, 23 and 6 nM. 48 It has been reported that the catalytic efficiency of the 10−23 DNAzyme can only be improved by facilitated substrate delivery. 49 Therefore, we ascribe the high sensitivity to the utilization of MNP assemblies, which offer a high local concentration of fixed substrate-DZb structures, thus reducing the diffusion time needed for the formation of active MNPzyme structures. Bakshi et al. utilized field-activated aggregation of MNAzyme-MNPs for obtaining high local concentrations of reacting sequences. 31, 50 However, the sensitivity of this design was not specified in their publications. Except for the sensitivity, the utilization of optomagnetic readout offers several other advantages compared with previously reported MNAzyme-based biosensors which all employed colorimetric or fluorescent readouts. First, colorimetric or fluorescent dyes served only as detection labels, while MNPs used in the proposed biosensing design served as labels, carriers and building blocks, and hold the potential for magnetic field-manipulated enrichment, separation, and purification. Second, biological tissues always contain back- 
Article ground colorimetric and/or fluorescent noise, which influences the results and limits the sensitivity of colorimetric or fluorescent methods. Finally, magnetic labels have much higher signal stability compared to colorimetric or fluorescent dyes.
Detection of let-7b in Serum. For the proposed biosensor, it is not relevant to perform cell lysate measurements since the LOD is at the picomolar level, close to the level of the total microRNA concentration in lysates of, e.g., HeLa cells. Apart from tissues, microRNAs also exist in body fluids such as serum. 51, 52 To demonstrate the robustness of the proposed biosensor against matrix effects, let-7b microRNA sequences were quantified in working buffer containing fetal bovine serum (FBS). The target microRNA was spiked into 10% FBS to a series of concentrations ranging from 0.1 pM to 0.1 μM, and were measured using the proposed method under optimal experimental conditions. The dose−response curve for target microRNA in 10% FBS is shown in Figure 5a . A linear detection range from 10 pM to 0.1 μM is observed with an LOD of 6 pM. Compared to the DNA quantification in buffer solutions, the reaction speed of RNA detection in 10% FBS is slightly lower (cf. equations of the linear parts in Figures 4b  and 5a ), which may be caused by the matrix effects as well as the lower stability of DNA:RNA duplexes compared to DNA:DNA duplexes. 48, 53 Specificity Test. One of the most challenging parts in microRNA biosensing is the discrimination between micro-RNAs of the same family. A specificity test was performed for the detection of 10 nM of different let-7 microRNAs ( Figure  5b ) in 10% FBS. As can be seen in Table 1 , let-7 microRNAs have a high sequence homology, which means nontarget let-7 microRNAs may be capable of forming active MNAzymes with DZa and DNA scaffolds, leading to nonspecific signals. For the detection of 10 nM of let-7c, which has a single-nucleotide mismatch with the target-binding region of the MNAzyme, a high nonspecific signal was observed equal in magnitude to the signal of 288 pM of let-7b (calculated by using the equation in Figure 5a ). The second highest nonspecific signal was observed in the detection of 10 nM of let-7a (double-nucleotide mismatch), which was found to be equal to the signal of 53 pM of let-7b. Nonspecific signals from 10 nM of let-7d and let-7e were negligible (below the cutoff value). Results of the specificity test demonstrate that the proposed biosensor is capable of discriminating nontarget RNA sequences from those containing even single-nucleotide mismatches, in agreement with a previous study 40 on miR-21 detection.
■ CONCLUSIONS
In summary, a strategy of DNAzyme-mediated disintegration of MNP assemblies was demonstrated for the detection of short (ca. 20 nt) single-stranded DNA or RNA targets. DNAzyme-assisted target recycling was utilized to rupture the DNA scaffold of the MNP assemblies. The proposed biosensor achieved an LOD of 1.5 pM target DNA in buffer, and an LOD of 6 pM target microRNA in 10% FBS. The high local concentration of substrate sequences in the MNP assemblies reduces the diffusion time for target recycling, thus providing a high sensitivity. In addition, circumventing the use of protein enzymes, the proposed biosensor shows increased stability and a reduced cost as compared to protein enzyme-based detection systems, which strengthens its potential for further application in point-of-care diagnostics. 
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